Two important processes in ferromagnetic resonance are the first-order absorption of a photon and creation of a single magnon, and a second-order process in which the absorption of a photon results in the creation of two magnons of equal and opposite wave vector [M. Sparks, Ferromagnetic Relaxation (McGraw-Hill, New York, 1964)]. We have found that under resonance conditions for the second-order process, samples containing ϳ0.1% magnetite absorb energy from the microwave field at the same rate as a solid magnetite sample. The resultant very high-energy density in the magnetic nanoparticles, coupled with a significant thermal energy barrier with the matrix, leads to a large temperature difference between the grains and their surroundings that makes it possible to magnetize and demagnetize the sample with a relatively small increase in sample temperature. The ferromagnetic resonance of small particles is a subject of considerable interest at present, 1-3 however, all results are for the first-order process. Our purpose is to discuss some important effects of particle size on the second-order process.
The ferromagnetic resonance of small particles is a subject of considerable interest at present, [1] [2] [3] however, all results are for the first-order process. Our purpose is to discuss some important effects of particle size on the second-order process.
Conservation conditions lead to completely different physics for the two processes. Since the first-order process creates a single magnon, the magnon wave vector must be zero, which means that only the uniform precession magnon (or magnetostatic modes) at the center of the zone can be excited. The second-order process on the other hand excites pairs of magnons, and while the whole zone is available for macroscopic samples, for small grains magnons can only exist when the wavelength is shorter than twice the scale of the grain. Thus, the dispersion relations are cut off at low frequencies. The energy of the photon must be twice that of the magnons involved; so the minimum microwave frequency can be significant, e.g., for 30 nm grains, it is about 24 GHz.
The experiments described here were performed on assemblies of single-domain grains in zero-magnetic field; so, the frequency of the uniform mode is established by the anisotropy of the particles. If the electromagnetic field at the particle exceeds a threshold value, virtually all microwave energy is absorbed. At high power, this leads to a temperature increase. If the anisotropy is due to a dipole field (shape anisotropy), the temperature rise results in a lower magnetization density, hence a smaller anisotropy, and a lower uniform mode frequency; so, the 1st order process rapidly falls out of resonance and the sample ceases to interact with the microwave field. This is not the case for the second-order process, and resonance conditions are maintained as the grain temperature increases.
The power density in the magnetic grains will differ from the average density in the sample. The average power absorbed can be estimated from the temperature rise of the sample (dielectric heating of the matrix can be measured separately, and its contribution subtracted). This is the power absorbed by the grains, whether or not it is all the power available was established by the following experiment.
Two samples, one of pure magnetite, another a lava containing ϳ0.1% magnetite, both 6 mm in diameter and 2 mm thick were placed in a cylindrical cavity (see Fig. 1 ). The cavity was tuned to a frequency of 14 GHz with 1 W being supplied at that frequency by a TWT amplifier. The sample temperature was monitored by an infrared thermometer through a small hole in the side of the cavity.
Remarkably, the results show that the lava absorbs energy from the resonant field just as efficiently as the solid magnetite. Thus, the power density in the magnetic grains must be ϳ1000 times the average power density in the sample. a)
Electronic mail: waltond@mcmaster.ca FIG. 1. The increase in temperature with time for two samples, both weighing 0.1 g, with 1 W supplied to the cavity. One sample was a solid piece of magnetite, the other was lava rock containing ϳ0.1% magnetite. The similarity of the profiles is remarkable, indicating that although the concentration of magnetic material in the lava was three orders of magnitude less it was just as efficient in absorbing microwaves as the solid magnetite.
The average power in the sample can be estimated from the heating curves after they have been corrected for heat loss by radiation and conduction by the sample support. (In a separate experiment, it was determined that dielectric heating of the matrix was negligible.) These figures can be obtained from cooling curves after the microwaves are turned off. The result for both samples was that the temperature increase was 3.5 K/s. The specific heats of the matrix and magnetite are similar and equal to about 1 J/K/g. The power absorbed by the magnetic grains was about 0.35 W, or about 1/3 of the power supplied by the amplifier. The average power density was 62 W/cc, and the power density in the individual grains in the lava is on the order of 10 3 times greater. Such a large power density can be expected to lead to a substantial temperature difference between the grains and the matrix.
Consider a grain of volume v, and surface area s, surrounded by a matrix with a thermal barrier between the grain and the matrix. If it absorbs microwave energy at the rate pv W, and loses energy at the rate sK͑T g − T m ͒ = sK⌬T W, where K is the conductivity per unit area, per unit temperature difference, of the barrier, T m is the temperature of the matrix, and T g is the temperature of the grain. If C g is the specific heat of the grain, in time dt the temperature of the grain will change by
Similarly, the temperature of the matrix changes by
C m is the specific heat of the matrix, and V is the volume of the matrix being heated by the heat flowing from the grain in question. Subtracting, and using the fact that the concentra-
The solution is
is a relaxation time, and
is the steady-state temperature difference between the grain and the matrix. If p results in an initial temperature increase at the rate TЈ, then
The steady-state temperature difference is an important quantity, but unfortunately it depends on K which is very difficult to estimate; so it must remain a quantity to be determined by experiment. Single-domain grains with an average size of 68ϫ 65 ϫ 65 nm-but with a rather broad distribution (the standard deviations equal about one-half of these dimensions)-were distributed at a concentration of 3% in silica powder with a water glass binder. A sample weighing 0.066 g was given a magnetic moment that was then demagnetized at 20 W for successively longer times with the results shown in Fig. 2 .
The sample finally demagnetized after 2 s, and its temperature at the end of this step was 373 K. Single-domain grains of this size preserve their magnetic orientation up to the Nèel temperature for magnetite, which is 853 K. Thus,
The temperature of the sample increased at a rate of 35 K/s. (The correction due to heat loss is negligible for such short times.) If all power is absorbed by the magnetite grains, their initial rate of increase must be T g Јϳ 1200 K / s [this is the rate of increase at t = 0, the temperature of the grain is given approximately by Eq. (1)], and, from Eq. (4), ϳ 0.4 s.
To summarize the results we have obtained in our artificial sample, a steady-state temperature difference between the grains and the matrix of 480 K is established with a thermal relaxation time of about 0.4 s. In order to demagnetize our sample, it was necessary for the sample temperature to rise to 373 K. Obviously, a higher-power amplifier would lead to much shorter times to reach the Néel temperature. If the time can be made short enough, the heat flow from the grain to the matrix during heating becomes negligible, and the final temperature of the sample is close to that established when the magnetic grains come to thermal equilibrium with the matrix, or T f ϳ͑853− T 0 ͒c + T 0 , where T 0 is the starting temperature. For instance, with the sample described above, if T 0 = 293 K, then T f ϳ 310 K, or a temperature rise of 17 K. Lower concentrations would result in even smaller temperature increases, e.g., at concentrations similar to those in the lava, it would be ϳ0.5 K. Thus, high-power microwaves can provide an alternative to magnetic fields for resetting the magnetization of dilute concentrations of magnetic nanoparticles contained in a suitable matrix.
A substantial temperature difference between the grains and the matrix leads to an interesting application of microwave magnetization. If there is a distribution of grain sizes, and the magnetic vector is different for grains above a certain size (this is the case for palaeomagnetic material where overprints can be present), then, by choosing a frequency that does not affect the smaller grains, it should be possible to demagnetize the larger grains, leaving the moment carried by the smaller grains unaffected. In order to do this efficiently, sufficient power must be available to minimize heating of the matrix, since any prolonged heating would tend to thermally demagnetize the smaller grains.
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